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TMSTRUMENTATION TECHMI(JES FOR MONITORING SHOCK AMD DETOMATION wAVES

Richard D. Dick and R. Leon Partish

ABSTRACT

CORRTEIX (Continudus Ref.ectometry for Radius
Versus [ims Bxperimants:. SLIFER (Shorted Location
Indication by Frequancy of Electrical Resonsnce).
and pi1n Pro.ss ware ussd tOo WoOnitor several condi-
tions ~f blastirg such as the detonstion velocity of
the explosive. the functioning of the stesming column
confining the explosive. and rock mass motion
ZORRTIEX is s passive device that smploys time-domsin
ref lectometry to interrogate the two-way transit
time of & coaxiai cable. SLIFER i1s an active device
that monitors the changing frequency resulting from
s change in length of s coaxisl cable forming an
elemant of an oscil.avor circult. Pin probes in
this application consist of RG-17« coaxial cables,
sach with an open circult. placed st several known
iocazlons within the material Rach cable ls con-
nected to s pulse-forming network and a voltage
source When the cables ace shorted by the advanc-
ing wave, time-distance data are produced from which
@ velocity can de computed This paper describes
each technique. instailation of the gauga. exampies
of the sig~als. and .rterpretatior of the records

INTRODUCTION

Maasucremerts of the performarce of the explosive
in & blartwell are esgentisl for evaluating the
offectivenses of & rock fragmentation round and for
computer simu.ations of the blast. During s recert
Department of Erergy (DOR: sponsored oil shaie frag-
aer:ation research program. the exp.osive zolumn and
the stem column conta.ning the explosive were
instrusented on a toutine basis ducing the fle:d
teste Using coaxia. cabies et sensore. the iniltis-
tinn time snd the detoratlon ve.oclty were measured
for esch explosive Ir eddition. the functionirg of
the .ritilstor and initiation scheles were accutately
determined Ir. .ome tests. separate boreholes were
driiied 1n the rock and instiumerted with coaxis.
cab.as to obtain informatlion on rock mass motion and
cra.er formation Trase disgnos®:c methods were
.eliable easy to irsta. and accurate

Bicrard L Dick 1¢ o 9taff mamber
Wationsl Laboratory. Los A.amos, M 07543

vwe deszribe three techniques for interrogsting a»
coaxial sensor cabls placed in the explosive and
stem columny The techniques produced time-dlstarce
data from which the initiation time and detonstior
velocity wers detersined. The propsgation speed of
the shock wave in the stem column was obtained from
two of the methods. EBach method used a standard
50-5 coaxtial cable commonly avallsble. e discuss
the basic operating princigler of esach technique.
installstion procedures. anc signal recording
sethods. Examples of specific applications and the
interpretation of the signsl recocds asre slsoc
discussed.

TECHNICAL EXPLANATIGN AND METHODS

In rock fragmentation, clsl bissting
agents are used. Thess sxplosives are "non-ideal.
that !{e, the explosives do not behave according to
steady-state theoretical predictions based on
equllibrium thermodynasmics of the detonation
products. TFor these explosives. the performance
depends on the to-ehole diameter. densification
during loading. downhoie teaperature, moisture
contente. and initistion method Some commerical
explosises have been characterized (1] in the
laboratory to provide basic duts on the energy
release Direct messurements of the explosive
energy can not ba accomplished in the field. dut &
good estimate [2) can be made using the msessired
density and the detonation velocity

The key element in these measurement techmiques

18 the “crushing” (1 ¢ mechanlice. deformati:z—,
#.e0trical short. or a large change in the e.ectrical
impedance) of s 30-G coaxial sensor cable ss the
detonation fron* or a shock wvave sweeps along the
cable Rach of the methods utllizes & different
scheme for accurately determining the jrogressive
shorrening of the sansor cabie One method., CORRTKX
{3-3) (Continuous Raflectometry of Radius Versus
Time Experiments). employs a time domsin ceflec
tometry :TDR) techrique to memsure the change i=
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cable lensth as a function of time. The second
method, SLIFER [¢6-8]) (Shorted Location Indication by
Frequency of Electrical Resonance). utilizes the
coaxial cable a. sn element in an oscillator circuit
to senss & change in frequency of the clreult
resulting from s change in length as the sensor
erushes. The third msthod, called pin probes.
depends on the shorting of an open-circuit coaxial
cable attached L0 the explosive column. Shorting
occurs vhen the lonization front assocliated with tha
detonation wave contacts the cable end or when it is
deformed mechanically. CORRTEX and SLIFER accurstaly
provide 8 continuoua record of wave front position
as a function of time, while pin probes provide
discrete position-time values depending on the
number of cables used. CORRIEX and ILIFER also
provide accurats data on wave propagation in the
stem, but pin probes are not useful for this appli-
cation. CORRTEX wse used on s few fragmentatlon
tests to detarmine motion within the rock mses 4during
the blast with some success.

Several difte-ent types of coaxial cables have
been used. Cowmon cosxial cablees with s solid
dislectric between the center wire and the shield,
tneluding BG-58, RG-174, RG-213, RG-21¢, and RG-223.
have proven sdequats f{or of the detona-
tion valocity for many appilcations [8). They are,
however, inadequate for cases whare che shock wave
emplitude is low Bpecially configured cables with
metallic si.saths. such ss 78J1-30 with a foam
dielectric and the HJA-%0 with an air dieiectric,
have been employed for special casss. The lower
crush strength (10-20 WPs). together with a more
positive short when the shield is crushed against
the center vire, makes these types of cables far
superior. The lower crush strength elso perwmits
measutrement of tha shock wave upward through the
stemming materlial. providing for an sssessment of
the stemming performance. Tsble I is a limt of
50-. cables used along with features of each and the
technique u.ed.

The CORRTEX system is based on pulsed TDR methods
and includes the data acquisiticn electronice. a
ainicomputer. and dite reduction programs. The
aicroprocessov-ccntrolled unit paciodically samples
$0- .. sensor cabl: and stores this informatlon as
three digital words representing two-way transit
times and one real-time clock dsts word. Resolution
of the two-way *‘rensit time 19 123 ps. cesulting in
J0-mm resolutlior of the reiative cable length over a
zaversl hundred meter cable length Pulsed TOR

Table I

Cadle Diam. Crush
Irea —Risleatcic () o
RO-17aP Yoam 23 Q0 o8
RG-17a loly=thylene 30 0 01
Wa-30 Alr (3] 0 01
raJ1-50 Toam (3] 01
R-38 Polyethylene (] 02
20-22) Polyethylens 6.4 0
RG-214 Polyethylens 127 20
Rr-214 FToam 12 7 1.0
R0-223% Polyethylene 1217 30

consists of s series of pulses tranmmictted down the
cable. At the start of sach pulse, a cloik is
started in the unit. When ths pulse encounters the
change in impedai.ce dus to crushing, it reflects and
propagates back to the unit. The return pulse ir
detected, a clock-stop pulse is issued. and the
sicroprocessor counts the elapsed time and stores
the tims in mesory. This sequence ls repeated for
sach pulse and the results are stored in long-life
mamory. The encire ayetem is portable snd can be
easily carried and deployed D> one person. Pigure 1
is 3 schematic of the uait and operatior.. The
latest CORRTEX units sre capable of intecrogating
the sensor 4000 times with pulse rates of 5-90 ..
This provides 20-36¢U ms of recor-ing time. Tha
sampling rate depends upon the two-way travel time
of the pulse of the combinsd length of sensor and
signal cable. Otharwise. tts rate should be
compatible with the desired reso_ution.

The CORRTEX units are triggered from a 5 V
signal genersted by an sxtarnsl computer-controlled
timing and firing (7 and F) system. Generally, the
unite are started s few milliseconds prior to the
detonation to provide baseline and initietion time
data

After an experiment. tha time-cable shortening
datas stored in memory aAre reduced by bullt in sofe-
ware to provids detonation velocity snd initliacion
time dats & few minutes after *he expariment 1is
conducted.

SLIFER sensors consist of a coaxial cable
emplaced in & welldbors along tae path where tha wave
velocity measurensnt is to be made and connccted by
messenger cable to the dsts recording/redustion
system_. UWhen the explosive detonation velocity is
to be monitored. the cable i» empla:ed in the blast-
well prior to loading of the explosive. Crushing of
the cable takes place up the explosive column &s the
explosive detoiates, providing a continuous recocrd
of the shortenad cable length as a function of time

The SLIFER method of data acquisition utilizes
the fact that for lengths less than a quarter wave
lengtt. of a cable, the cad.e inductance is propor-
tionsl to length. The cable, as the industive
element of an osciliator, modul .tes the frequency as
a proportional msaguce of shocted length. The
frequency is 4 -eci.y frequency-modulated (PFM) and
is recorded as an in¢icatlon of wavefront posirion
A sketch of the basic SLIFEP systea i» depicted in

Coax.t. Sensor Cabler of 50— lmpedance

——Incholous Agatitn
CORRTEX Stea. Grout

CORRTRX, Pin Prode [Explosive, Stem, Grout
sLIFER Explosive. Btea. Grout
CORRTEX Bxplosive, 8tsn, Grout
BLIFER Explusive, f--a, Orout
CORRTEX Expiog:ve. Stem, Grout. Rock
CORRTRX Rock. Crater

CORRTRX Puck, Crater

CORRTEX Rook. Ctater



Figure 2. As the cable is crushed by the datonating
wxplosive, the oascillator frequency changes and
becomes 8 record of the shacr front positic as a
function of time (Figure 3) defore installacion.
the system is calibrated by vhorting the cable with
a pin at various positions aleng itz length. The
results (Figurs 4) are quite linear, providing s
simnle and convenient conversion from frequency to
shorted length. The FM frequency of the oscillator
canges from 800 kHg to 1.2 Mz, parmitting derivation
of the shorted length at microsecond intervale.
Recording is on snalog tapes: one tape track per
sensor. Recording times of 30 minutes sre svallable:
the dats can be recorded from times well before the
scheduled detonation time (to pick premsture detona-
tivng). to well after (recording any late time
datonations or other events)

The pin-probe technique involves the shorting by
ionization or mechanical crushing of a coaxial cauvle
electricially charged by s pulse-forming network.
Pigure 5 18 the charging circuit and the pulse-form-
ing network. The cable 18 an open circult that is
configured as & switcr At closure. current flows
in the pulse-forming network generating a pulse in
the signal line that in turn 18 recorded by s fast
oscilloscope or transient signal recorder. Thias
pulse represents the arrivai time of en ionized
front: by placing several cables terminstirg at
different spatisl positions within the explosive
charge. the arrival times of the detonation front at
each of the pins or cable ends are determined. The
slope from the plot of time of arrival versus posi-
tion of the cable end is the detonation velocity
The pins provide reliable dsta when monitoring the
detonation but are erratic in other uses.

Typically. RG-17a coaxial cable is used as the
pin-probe wirce In an experiment., the open-circuit
end of several BRG-i74 cables are sttached to & plas-
tic or wooden rod at accurately measured locatlions
The rod 1is inserted in the borehole. and then the
explosive and stem material is placed in the hole
The ends of each cable are connected to the ciccult
box containing the chatrging voltage circult and the
pulse-forming natwork Each pin probe is then
connected -0 a signal cable

APPLICATIONS

Typicsl aspplications of sersor cables in oil
stale fragmentation e.periments [10.1l) sre depicted
in Pigures ¢ and 7. In esach cape. the sensors ace
saplaced in the blastwsll with the end & known
distance below or wrapped around the detonator/
beoster system, snchored in place, and pulled taut
The blastwell is then loaded with & column of
axplosive and a column of stea t7 confine the chacrge
Depending on the recording technique, the sensors
are connected to either the CORRTEX units. the BLIFER
elesctronics, or thea pin-probe boxes

when the explosive is detonstud, the sensor
cable 1s crushed at the detonstor/booster laicatlon
prov.ding the time of initlatlon The CORRTEX and
SBLIFER cables are crushed continuovsly at the
velocity of detcnation. The pin probes short as the
ioniged detonstion front intercepts the cpen-circult
ends of the sensors Crushing of the cable continues
through the stemmaing column providing s measuresent
of the decresasing shock wave veloaity in the stem

materigl. Pigure 7 illustrates the placement of
sensor cables in grouted satellite instrument holes
to monitor motion and shock wave propagation in the
oil shale rock.

An idealized signal record, which might be
obtained from either the SLIFER or CORRTEX methods,
is shown in Pigure 8 along with the tast geometry
When the explosive is detonated, the sensor is
immediately crushed by the booster at the 0.1 =
lavel. The sensor continues to crush another 2.5 n
at the detonation speed of 5.65 km/s. Then, a sig-
nificant change in slope occurs at the explosive-stem
interfuce indicating a decressing shock wave veloc-
ity in the stem column. Eventually it reduces to
nearly zero at the borehole collar. In this test,
ti«6 magsured detonation velocity indicated tha
sxplosive performed as expected as did the stea
zaterial. The following two ex a8 illust-ate
deviations from the normal or classic behuvior.

Iegt B-4

Test B-4 was a flve-borshole cratering and
tubblization oxperiment in oli shale. PFour bore-
holer were located at the corners of a square
approximstiely 3.3 m on a side end a borehole in the
conter. Figure 9 illus’rstes the test geometcy snd
ti.e CORRTEX sensor placament within the borshole.
The borehole depth was 5.0 m and the explosive
column was 3.5 m ¥F8J1-50 and RG-174 coaxial cables
were used as sensars Pin probes were also used tc
xonitor the detonation wave in each borehole The
time-distance plot shown in Figure 9 is a componite
of tha signal records from s sensor cable in each
borehole. Aleso shown is & pin probe time and loca-
tion point. The charge cclumn in the four corner
holes detonated properly. as noted by the S km/s
velocity from the plot for sansors X2 through KS.
Howsver. the signal from the K1 sensor indicatved
impcroper detonation of the center-hole sxplosive
leading to the conclusion that the borehole con-
tained undetonated explosive This conclusion was
verified during s careful post-test excavation of
the crater

SLIFER Test

The d example the SLIFER systea :n an
explogive avaluation tes: A blastwell 0 15 m in
dlameter and 12 m depth was drilled in limesto: s
A RJ4-30 sonsor cable was tied to the datonstor/
booster, and & O 95 & length “sausagys” of weter-in-
gel oxplosive and lowsred intn the well. Loading
was continued with a 2 87 m length of ANFO prills.
snother 0 9% m of gel, 3 51 m of ANFO, 1.07? m of
gel. and 2 74 m of crushed stone stemming. The
wallbore was “making water. 1 e. though it was
dewstered prior to lceding. water coming into the
wall batween the loading and detcnation wes suf-
flelent to wct the bottom portion of the well. The
GLIFLR record 1s shesm In Piguce 10. The deconatlion
velocity tarough the lower gel was 6 10 km/¢. The
wave velocity slowsd to 0.61 Mm/s through the firsc
1.27 m of wet ANFPO. increased to 5.9a km/s in the
first 0.24 m of the next gel. dropped to 3 .96 lm/s
in tha next interval of ANFU. then dropped further
to 1.94 Wa/s in the top gel. end decreased with
distance s it traveled through the ) a4 m of
stnmming .

The SLIFER record provided an eccurate
sspessment of the test The reduttl-n of wave
veloaity in the wet ANFO to less thar critlcal



detonation velocity showed that deflagration rather

than detonation had occurred. Of even greater ¢. Reed, R. P.. 19d1, "Continuous Observation
importance was the observation that the energy was :f Wavefroat Locatlon ( _: for Stress,
still sufficlent to detonate the next ssusage of wo m'“w"‘ and Fracture.” l1th Transducac
water-in-gel slurry at its noimal velocity. The hop, Range Commanders Council, Seattls, VA.
datonation velocity of the next interval of ANFO was -
normal. However. the top ssusage of water-in-gel 7. Heusinkvold, M. snd F. Holtgzer, 1964, ~A Ilot.hod_
defisgrated, indicating that bridging had probably of Continuous Shock Front Position Measurement,
occurred during loading (the emplaced length of Bev, fcl. Meas. 33. 1105.
1.07 m csther thsn 0.-94 m also indicated bridging).
This is an example of the dexterity of the msasure- ' :."' l",.:i' B c; lu:jn!.n. M. M. Willer., and
mant and ths benefit of using the HJA-50 sir dielec- M:M:" ‘:ti ‘l: :;w::l:::l:.:"mt::: .
el . N e
vic cable with low (10 MPa) crush strength. rt, SAND 76-0007.
= 9. Schmitt, G. . and R. D. Dick, 1985, “Use of
Tigure 11 shows a pin-probe record im which six ::mllml % : -
RG-174 fovization pin cables were placed in a column > Iul re Explosive Performence anﬂ -
of T¥T explosive at 0.3 m intervals. Each fast- Sten . vior in 01l Zhala Fragmentstion Tssts.
rising pulee is an electrical short at the time the 1ith L Confarence on Rxplosives and
detonaticn front acrived at the sensor location. Blasting Techalques. Socisty of Explosives
A datonation velocity of 4.78 km/e was coaputed fram Enginaering. San Dlego. CA.
this record, which compares with 4.84 lm/9 detemminad )
by CORRTEZ. Rach pin vas chargsd with s negative 10. :nrrhh. R. L. nnd_-,l. 8. Kuszmsul, 198a,
28 ¥ and had & Gecay constant of sbout 100 me. The Develomment of a iradici.ve Capabllity for o!l
cise time was approximstely 10 §. These are very Slale Bubbligation: Eesults of Recunt Cra ering
- Rspoeriments.~ 17th 0il 3ha.e Symposium Proc. ed-
:::ct;l and provide an accucate measurement of t™e ings. Colorsdo fchool of Mines, Colden, CC
SR 1l1. Dick, R. .. . Young. snc ! . Pourrey. 1984,
Y “Sumeary o 1 Oil Shals rragmentation Program
. at anvil Points alne, Colutrado,” 1llth 0il Shale
The techniques descrided crepresent three methods . :
by which coaxial cables sre used to munitor the per- :ol l'“:h:o'mm!“" Colorado School of Mines.
formance of explosive and stes columns in s wellbove. -
The CORRTIEXI and SLIFER techniques provide a con-
tinuous record of the wave propagation. whilas pin
probes provide & discontinuous record However. pin
probes require the least amount of electronics and
recording equipment. SLIFER relies on a change in
frequency as 3 functlon of cable shortening to
provide the time-distance dats. while CORRTIX relies W PULSE ENITTED AT (3 PLSE THAVELS TOWARD SHORY

on pulsed TDR methods The methode are accurate.
versetile, and sasy to install
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Figure 1 Schemstlc of the CORRTEX mathod
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